Although biotin is an essential enzyme cofactor found in all three domains of life, our knowledge of its biosynthesis remains fragmentary. Most of the carbon atoms of biotin are derived from pimelic acid, a seven carbon dicarboxylic acid, but the mechanism whereby Escherichia coli assembles this intermediate remains unknown. Genetic analysis identified only two genes of unknown function required for pimelate synthesis, bioC and bioH. We report in vivo and in vitro evidence that the pimeloyl moiety is synthesized by a modified fatty acid synthetic pathway in which the ω-carboxyl group of a malonyl-thioester is methylated by BioC which allows recognition of this atypical substrate by the fatty acid synthetic enzymes. The malonyl-thioester methyl ester enters fatty acid synthesis as the primer and undergoes two reiterations of the fatty acid elongation cycle to give pimeloyl-acyl carrier protein (ACP) methyl ester which is hydrolyzed to pimeloyl-ACP and methanol by BioH.
INTRODUCTION
Biotin (also known as vitamin H) is a covalently bound enzyme cofactor required by all forms of life. Although biotin was discovered over 70 years ago and is an essential nutrient for animals, its detailed biosynthetic pathway is not completely understood in any organism1,2. Biotin consists of two fused heterocyclic rings plus a valeric acid side-chain (Fig. 1) . The late steps of the pathway are responsible for assembly of the rings whereas the early steps are concerned with the synthesis of pimelic acid, a seven carbon dicarboxylic acid. The origins of the biotin carbon atoms in E. coli are known from 13 C NMR analysis of products labeled in vivo3, 4 . The C-3, C-5, and C-7 carbons (Fig. 1) are derived from C-1 of acetate whereas C-2 of acetate contributes the C-2, C-4 and C-6 carbons. The labeling pattern indicates that the pimeloyl moiety is formed by head to tail incorporation of three intact acetate units as is the case in fatty acid (or polyketide) synthesis with CO 2 providing C-1. Since the biotin C-1 and C-7 atoms show different labeling patterns, free pimelic acid (a symmetrical molecule) cannot be an intermediate. Hence, the pimeloyl moiety must be assembled with one of the carboxyl groups covalently linked. This is likely via a thioester since pimeloyl-CoA is thought to be the activated form of pimelic acid1,2.
The conundrum is how to assemble a seven-carbon dicarboxylic acid in E. coli. Genetic analyses implicate only two genes, bioC and bioH, in pimeloyl moiety synthesis, but neither gene product appears able to play a direct role in assembling the carbon chain5-7. BioC is annotated as an S-adenosyl-L-methionine (SAM)-dependent methyltransferase whereas BioH has been shown to have esterase activity on short and medium chain acyl pnitrophenyl esters8-10 and on the methyl ester of dimethylbutyryl-S-methyl mercaptopropionate10. The BioC annotation was especially puzzling because all of the pimeloyl moiety carbon atoms are derived from acetate and CO 2 3, 4 . The remaining bio genes encode enzymes that function late in the pathway and thus it seemed that assembly of the pimeloyl moiety must require additional enzymes belonging to another biosynthetic pathway that are somehow assisted in this task by BioC and BioH. In 196 a pathway was proposed in which pimeloyl-CoA synthesis could be formed by the enzymes of fatty acid synthesis11. The proposal was that three malonyl-CoA molecules would be condensed with the primer malonyl moiety retaining the carboxyl group introduced by acetyl-CoA carboxylase fixation of CO 2 . The other two malonyl-CoA molecules would lose their free carboxyl groups in the course of the two decarboxylative Claisen reactions required to give the C7 dicarboxylate, a scheme consistent with the 13 C labeling studies and the precedent of type III polyketide synthases12,13. However, in fatty acid synthesis the growing chains are attached to ACP rather than CoA and unlike polyketides, where the keto groups are either retained or consumed in rearrangements of the carbon chain (e.g., cyclization), pimelate synthesis requires that the keto groups be converted to methylene groups. Although the enzymes of fatty acid synthesis could in principle perform this conversion, it seemed most unlikely that the fatty acid synthetic enzymes could accept substrates having a carboxyl group in place of the usual terminal methyl group because the fatty acid synthetic enzymes sequester the growing fatty acyl chains in strongly hydrophobic tunnels or clefts14. It occurred to us that BioC and BioH could circumvent this conundrum.
In our model (Fig. 1 ) the role of BioC is to convert the free carboxyl group of a malonylthioester to its methyl ester by transfer of a methyl group from SAM. Methylation would both cancel the charge of the carboxyl group and provide a methyl carbon to mimic the methyl ends of normal fatty acyl chains. The esterified malonyl-thioester would enter the fatty acid synthetic pathway as in the 1963 proposal11. Two reiterations of the elongation cycle would produce pimeloyl-ACP methyl ester. BioH would then cleave the methyl ester to give pimeloyl-ACP which BioF would utilize to make 7-keto-8-aminopelargonic acid (KAPA), the first intermediate in biotin ring assembly. In this scenario, introduction of the methyl ester disguises the biotin synthetic intermediates such that they become substrates for the fatty acid synthetic pathway. When synthesis of the pimeloyl moiety is complete and disguise is no longer needed, the methyl group is removed to free the carboxyl group that will eventually be used to attach biotin to its cognate metabolic enzymes15. We report that the monomethyl esters of malonic, glutaric and pimelic acid allow growth of a ΔbioC strain in the absence of biotin, but fail to allow growth of ΔbioC ΔbioH strains. An in vitro system was developed in which dialyzed cell extracts converted malonyl-CoA to dethiobiotin (DTB, the last intermediate of the pathway) which defined the proposed pathway by allowing the precursor requirements of the pathway and the effects of inhibitors of fatty acid synthesis and methyl transfer on DTB synthesis to be determined.
RESULTS

Dicarboxylate monoesters allow growth of a ΔbioC strain
We propose that the intermediates of pimelate synthesis are acyl carrier protein (ACP) thioesters. To obtain such substrates we tested malonic, glutaric and pimelic acids and their monomethyl esters as substrates for acyl-ACP synthetase (AasS) from Vibrio harveyi16. AasS was completely inactive with the diacids probably due to the inability of the terminal carboxyl groups to enter the hydrophobic tunnel where the substrate acyl chain resides16. In contrast, the three monomethyl esters were readily converted to their ACP thioesters ( Supplementary Fig. 1 ). Given these data and prior success in using this enzyme to insert exogenous fatty acids into the fatty acid synthetic pathway in vivo17, we tested whether or not expression of AasS in E. coli ΔbioC, ΔbioH or ΔbioC ΔbioH strains would allow growth in the absence of biotin when the medium was supplemented with one of the three monomethyl esters. Note that essentially the entire coding sequences were deleted in construction of the ΔbioC and ΔbioH strains (Supplementary Methods).
Supplementation of biotin-free medium with any of the three monomethyl esters allowed AasS-dependent growth of the ΔbioC strain whereas the ΔbioH and ΔbioC ΔbioH strains failed to grow under these conditions ( Supplementary Fig. 2 ). Supplementation with malonic, glutaric and pimelic acids also failed to support growth, although the last of these could be shown to enter E. coli ( Supplementary Fig. 3 ). This was demonstrated by expression of the BioW pimeloyl-CoA synthetase of Bacillus subtilis in a ΔbioC ΔbioH strain which upon supplementation with pimelic acid allows growth of these mutant strains in the absence of biotin18. Putative intermediates in the pathway, the enoyl, 3-keto and 3-hydroxy derivatives of the monomethyl ester of glutarate and the 3-keto and 3-hydroxy derivatives of the monomethyl ester of pimelate allowed growth whereas the 2-keto, 2-hydroxy and 4-keto derivatives did not (Supplementary Table 1 ). The specificity of the in vivo system was also demonstrated by the failure of the monomethyl esters of C4, C6, C8, C9 and C11 dicarboxylates to support growth of the ΔbioC strain. The compounds active as monomethyl esters were also active as their monoethyl, monopropyl and monobutyl esters (Supplementary Table 1 ). In the case of malonic acid, monoesterification with the longer alcohols resulted in better growth than seen with the monomethyl ester, perhaps due to increased activity with AasS. Growth with the longer esters indicated that the enzyme catalyzing cleavage of the ester linkages tolerates the larger alcohol moieties (see below). The fact that either AasS plus the monomethyl ester of pimelate or BioW plus pimelate allowed growth of ΔbioC strains argues that BioF can accept either thioester. This is not unprecedented, a number of fatty acid synthetic enzymes accept acyl-CoA substrates in vitro, albeit these are generally less efficient substrates than the cognate acyl-ACPs.
Fatty acid synthesis-dependent DTB production in vitro
To further test the proposed pathway we developed an in vitro system in which DTB synthesis was coupled to the fatty acid synthetic pathway. DTB (the last intermediate of the pathway) was assayed rather than biotin because BioB (biotin synthase), the last enzyme of the pathway, is a notoriously unstable and oxygen-sensitive protein that has not been demonstrated to be catalytic in vitro19. The in vitro system consisted of cell-free extracts of wild type or Δbio strains that had been subjected to ammonium sulfate precipitation (where ACP remains soluble) followed by dialysis; manipulations designed to remove small molecules and deplete the extracts of ACP. The strains sometimes carried extra copies of the bio operon genes on a multicopy plasmid. The in vitro system allowed us to test which precursors are required for DTB synthesis, show that SAM is required for KAPA synthesis, and that the methyl group is required for elongation of the C5 species. DTB synthesis was determined by bioassay with E. coli strain ER90 (ΔbioF bioC bioD) which carries an insertion-deletion mutation within bioF that also inactivates the downstream genes, bioC and bioD, by transcriptional polarity5,20. Hence, strain ER90 is defective in synthesis of KAPA, DAPA and DTB, but proficient in conversion of DTB to biotin20. Detection by bioassay was required because biotin synthesis is an extremely low capacity biosynthetic pathway (E. coli requires only about 100 biotin molecules per cell). In the bioassay, which can reliably detect 1 ρmol of DTB (Fig. 2a) , the test solution diffuses from a filter disk into biotin-free minimal medium agar seeded with an appropriate DTB (or biotin)-requiring E. coli strain. If grow proceeds a redox indicator becomes reduced and forms a bright red, insoluble deposit with the area of the red spot being proportional to the concentration of the biotin pathway intermediate21.
DTB synthesis was obtained upon supplementation of extracts of a wild type strain with the cofactors (malonyl-CoA, NADPH and ACP) required for in vitro fatty acid synthesis22 plus those required for the late steps of the biotin synthetic pathway (L-alanine, ATP and SAM). In contrast, parallel assays of extracts of ΔbioC, ΔbioH or ΔbioA strains produced no detectable DTB (Figs. 2 and 3). DTB synthesis was observed when malonyl-CoA was added to the reaction whereas the structurally related compounds, acetyl-CoA, succinyl-CoA and malonate, were inactive (Fig. 2b) . The requirements for DTB synthesis were then examined in extracts of the ΔbioC strain STL96 (Fig. 2c) . The extracts were inactive, but activity was restored upon addition of BioC purified from inclusion bodies and refolded into a soluble form (Fig. 2c) . NADPH was required in addition to malonyl-CoA and thus two essential components of the fatty acid synthetic pathway were required for DTB synthesis (Fig. 2c) . Omission of ACP from the reaction reduced, but did not abolish DTB synthesis, probably due to residual ACP in the extracts. As expected DTB synthesis also required ATP and SAM, the respective substrates of BioD and BioA (Fig. 2c) . In the absence of BioC, pimeloyl-ACP methyl ester (synthesized using V. harveyi AasS, Supplementary Figs. 1 and 4) was converted to DTB (Fig. 2c) . Bypass of the BioC requirement was also observed when malonyl-ACP methyl ester and glutaryl-ACP methyl ester were used as substrates ( Supplementary Fig. 1 ). However, unlike pimeloyl-ACP methyl ester, DTB synthesis from these substrates required the presence of malonyl-CoA (Supplementary Fig. 1 ). In agreement with the in vivo results (Supplementary Fig. 2 ) the methyl esters of succinyl-ACP, adipyl-ACP, suberyl-ACP and azelayl-ACP lacked activity in vitro (Supplementary Fig. 1 ).
The methyl ester moiety is essential for chain elongation
We postulated that methylation of the ω-carboxyl group of the malonyl thioester was catalyzed by BioC and was essential for accessing the fatty acid elongation cycle enzymes. To test this hypothesis the assay was modified to specifically ask whether or not KAPA synthesis requires SAM. The in vitro KAPA assay used malonyl-CoA as the starting substrate and an extract from the ΔbioA strain STL112. Since in the absence of BioA KAPA cannot be converted to DAPA, KAPA would accumulate in the reaction. KAPA was detected by bioassay using the ΔbioF strain, STL115 that required KAPA (or a later intermediate) for growth. SAM was clearly required for in vitro KAPA synthesis (Fig. 3a) . Moreover, the requirement for SAM was bypassed when pimeloyl-ACP methyl ester was added in place of malonyl-CoA (Fig. 3a) .
To directly test whether or not the methyl ester was required for chain elongation by the fatty acid synthetic pathway, we synthesized glutaryl-ACP methyl ester using AasS and removed the ester group by BioH treatment to obtain glutaryl-ACP ( Supplementary Fig. 4 ). Purified samples of glutaryl-ACP methyl ester and glutaryl-ACP were tested for the ability to support DTB synthesis in a ΔbioC extract. In the presence of glutaryl-ACP (which lacked the methyl ester moiety) no DTB was produced (Fig. 3b) whereas DTB was synthesized in the presence of glutaryl-ACP methyl ester, but only when malonyl-CoA was available for elongation (Fig. 3b) . Therefore, the methyl ester moiety was essential for the conversion of the glutaryl moiety to DTB.
DTB synthesis from pimeloyl-ACP methyl ester requires BioH
Our in vivo results indicated that BioH activity was required for conversion of the pimeloyl methyl ester moiety to biotin (Supplementary Fig. 2 ). To explore this in more detail, a cellfree extract of the ΔbioH strain STL98 was prepared and was found to be unable to convert pimeloyl-ACP methyl ester to DTB unless the extract was supplemented with purified BioH (Fig. 3c) . We synthesized various ω-carboxyl acyl-ACP esters and tested the ability of BioH in vitro to cleave the ester moieties of these substrates. BioH hydrolyzed the methyl, ethyl, propyl and butyl esters of pimeloyl-ACP ( Supplementary Fig. 5 ), confirming our in vivo bypass assay results. BioH also readily hydrolyzed the methyl esters of adipyl-, pimeloyl-, suberyl-and azelayl-ACPs, but failed to cleave malonyl-ACP methyl ester and succinyl-ACP methyl ester whereas glutaryl-methyl ester seemed to cleaved less efficiently ( Supplementary Fig. 5 ). As a control we expressed and purified a BioH S82A mutant protein. This protein was expected to be inactive because in the BioH crystal structure9 Ser82 had been modified by reaction with phenylmethylsulfonyl fluoride added as a proteolysis inhibitor. Since this inhibitor inhibits serine proteases and esterases by forming a covalent adduct with the active site nucleophile, there seemed little doubt that the S82A substitution would inactivate BioH. As expected the mutant protein was inactive in the in vitro hydrolysis assay ( Supplementary Fig. 5 ) and failed to support DTB synthesis in a ΔbioH extract (Fig. 3c) . Moreover, expression of BioH S82A in a ΔbioH strain failed to allow growth on biotin-free medium whereas expression of wild type BioH supported robust growth (Supplementary Fig. 6 ). These results, together with the biotin requirement of ΔbioH strains, indicate that the methyl ester moiety is specifically cleaved by BioH and not by other E. coli hydrolases.
Inhibitors of fatty acid synthesis block in vitro DTB synthesis
The proposed pimelate synthetic pathway was further tested by use of the antibiotics, cerulenin and thiolactomycin plus the microbiocide, triclosan, to block fatty acid synthesis in vitro (Fig. 4) . Cerulenin inhibits the β-ketoacyl-ACP synthases, FabB and FabF, whereas thiolactomycin inhibits FabB and FabF plus the short chain β-ketoacyl-ACP synthase, FabH23. Triclosan inhibits FabI, the sole E. coli enoyl-ACP reductase23. Addition of any of these three inhibitors severely reduced the levels of DTB synthesized from malonyl-CoA in a concentration-dependent manner (Fig. 4) . Moreover, the effects of triclosan were shown to be due to inhibition of FabI because addition of purified Vibrio cholerae FabV, a naturally triclosan-resistant enoyl-ACP reductase24, largely restored DTB synthesis to triclosantreated extracts. The fatty acid synthesis inhibitors had no effect on DTB synthesis when pimeloyl-ACP methyl ester was the substrate indicating that their effects were due to inhibition of synthesis of the pimeloyl moiety.
Sinefungin, a SAM analog and a potent inhibitor of SAM-dependent methyltransferases25, also inhibited DTB synthesis when malonyl-CoA was the substrate. No inhibition was seen when pimeloyl-ACP methyl ester was the substrate (Fig. 4) indicating that the blockage of DTB synthesis was not due to inhibition of BioA, the step later in the pathway where SAM is used as an amino donor.
DISCUSSION
The early steps of biotin synthesis in E. coli have long been an enigma. Indeed, more than 40 years after the discovery of the two genes, our data are the first to demonstrate that BioC precedes BioH in the pathway. It has been argued that BioH is not involved in pimelate synthesis26 and also that it is intimately involved6. BioC and BioH were postulated6 to catalyze Claisen condensations and to transfer the pimeloyl moiety from a BioC active site thiol to CoA, respectively. A more recent proposal was that BioH would somehow condense CoA and pimelic acid to produce pimeloyl-CoA perhaps with the help of BioC9.
We have demonstrated that these hypotheses are incorrect and that the roles of BioC and BioH are to allow E. coli to synthesize pimeloyl-ACP via the fatty acid synthetic pathway (Fig. 1) . The pimeloyl-ACP synthetic pathway differs from normal fatty acid synthesis in that the ω-carboxyl group of a malonyl-thioester is converted to its methyl ester by SAMdependent methyl transfer catalyzed by BioC. We expect that the malonyl-thioester is malonyl-CoA because FabH, which uses acetyl-CoA rather than acetyl-ACP14,23, seems likely to catalyze the first condensation. Moreover, E. coli FabH is known to accept propionyl-CoA, a reasonable analogue of malonyl-CoA methyl ester although it cannot accept bulkier branched-chain acyl-CoAs as substrates27. However, we cannot presently determine whether the methyl acceptor is malonyl-CoA or malonyl-ACP (or both). This is because E. coli BioC (as well as the BioCs of Salmonella enterica, Pseudomonas putida, Bacillus cereus and Kurthia sp.) is an extremely recalcitrant protein. E. coli BioC invariably formed inclusion bodies under a wide range of expression conditions both in native form and as a fusion protein. Others have encountered the same problem with BioC28. Although we have recovered traces of activity by refolding denaturated BioC, the activities are too low to detect methyl transfer by direct means (e.g., transfer of the methyl group from [methyl-3 H]-SAM). It should also be noted that native BioC might be an intrinsically poor catalyst. E. coli requires only trace quantities of biotin and thus catalytic efficiency is not required of the biotin pathway enzymes. Indeed, the enzymes late in the pathway are notably poor catalysts (k cat values of 0.1−0.01 s −1 ). Moreover, a catalytically efficient BioC might well compromise synthesis of the fatty acids required for membrane lipids.
Methyl transfer to a carboxyl group is an unusual reaction for a SAM-dependent methyltransferase and thus it is interesting that data base searches using several BLAST algorithms indicate that the closest relative of BioC is a known carboxyl methyltransferase, the E. coli trans-aconitate methyltransferase (Tam) which converts trans-aconitate to its 6-methyl ester29,30. The E. coli Tam and BioC proteins align with 28% identity over the full lengths of the proteins with only a few small gaps.
The pimeloyl-ACP synthetic pathway also requires BioH. We believe that the physiological role of BioH is to remove the methyl group introduced by BioC when the pimeloyl moiety is complete. If so, this would prevent further chain elongation to azelayl-ACP methyl ester, a physiologically useless product. However, we find that BioH is a rather promiscuous hydrolase that also cleaves various esters of pimeloyl-ACP and the methyl esters of the C5 through C9 acyl-ACPs although the thioester bonds of these substrates are not cleaved. Others report that BioH cleaves an ester10 and acyl p-nitrophenyl esters8,9. One possibility is that the specificity of BioH for pimeloyl-ACP depends on acyl-ACP structure. Early work demonstrated that the first 6-8 carbon atoms of the acyl chain are sequestered from solvent by the protein31. This picture has been borne out by X-ray structures32 and molecular dynamics simulations33 indicating that the protected carbon atoms reside within a hydrophobic tunnel formed by a bundle of four helices. Hence, the ester groups of the shorter intermediates would be largely or completely protected from BioH and only upon chain elongation to the pimeloyl moiety would the ester group become fully exposed to solvent and BioH.
We believe that pimeloyl-ACP rather than pimeloyl-CoA is the physiological substrate of BioF. Pimeloyl-CoA was the first substrate tested based on analogy to the synthesis of δ-aminolevulinic acid from glycine and succinyl-CoA and the ability of pimelate to bypass the biotin requirements of certain bacteria and fungi34. However, pimeloyl-CoA seems the only acyl donor tested and it is possible that it acts as a mimic of pimeloyl-ACP or that the enzyme can accept either pimeloyl-thioester. The suggestion that pimeloyl-ACP is the physiological acyl donor for BioF is consistent with recent reports on the BioI of Bacillus subtilis, a bacterium that makes the pimeloyl moiety by a mechanism entirely different from that of E. coli. BioI, which appears restricted to this organism and its close relatives, is a cytochrome P450 family member that binds long chain acyl-ACPs both in vivo and in vitro and cleaves the acyl chains to generate pimeloyl-ACP35,36. B. subtilis BioI functionally replaces both BioC and BioH in E. coli18 which argues strongly that pimeloyl-ACP is a physiological BioF acyl donor and eliminates models in which BioH is involved in transfer of the pimeloyl moiety from ACP to CoA.
METHODS
Bacterial strains, plasmids and primers are given in Supplementary Table 2
Materials
The minimal medium was M937 supplemented (final concentrations) with 0.2 % glucose, 0.1 % Vitamin Assay Casamino Acids, 1 mM MgSO 4 and 1 µg/ml thiamine except when 0.2 % arabinose replaced glucose. Agar was added to 1.5 %. Antibiotics were used at the following concentrations (in µg/ml): sodium ampicillin, 100; kanamycin sulfate, 50; chloramphenicol, 30. Assay Buffer is 50 mM 3-(N-morpholino)propanesulfonic acid (pH 7.5), 200 mM NaCl, 10 % glycerol and 5 mM 2-mercaptoethanol. ACP (holo form) and AasS were prepared from strains DK574 and YFJ239, respectively, strictly according to the detailed protocols given previously16,39. The hexahistidine-tagged BioC, BioH and BioH S82A proteins were purified as described in Supplemental Methods.
Enzymatic synthesis of pimeloyl-ACP methyl ester
Synthesis of the monomethyl ester of pimelate is described in Supplemental Information. Acyl-ACP synthesis and purification was adapted from the method of Jiang et al. 16 . Briefly, the acylation reaction contained 50 mM Tris-HCl (pH 8.5), 10 mM MgCl 2 , 0.5 mM dithiothreitol, 2 mM ATP, 2 mM pimelate methyl ester, 100 µg/ml ACP and 10 µg/ml AasS. The reactions were incubated at 37°C for 2 h. Pimeloyl-ACP methyl ester was purified by ion exchange chromatography using Vivapure D spin columns (GE Healthcare Life Sciences). The reaction mixtures were loaded in Binding Buffer (25 mM 4-morpholineethanesulfonic acid, pH 6, 10 % glycerol and 1 mM dithiothreitol) containing 100 mM LiCl and the column was washed with Binding Buffer containing 250 mM LiCl. Pimeloyl-ACP was eluted in Binding Buffer containing 500 mM LiCl, desalted and analyzed in a conformationally-sensitive electrophoretic mobility assay39 in 20 % polyacrylamide gels containing 2.5 M urea at 130 V for 3 h (Supplementary Fig. 1 ). Glutaryl-ACP methyl ester and other acyl-ACPs were prepared by the same method. The molecular masses of the products were verified by mass spectrometry with MALDI/MS ( Supplementary Fig. 4 ) at the Mass Spectrometry Laboratory of University of Illinois at Urbana-Champaign. The ACP products were dialyzed in 3,500 molecular weight cut-off membrane against 2 mM ammonium acetate at 4 °C for 15 h. Samples were mixed with α-cyano-4-hydroxycinnamic acid as matrix and analysis was performed using a Voyager-DE STR mass spectrometer (Applied Biosystems) using a UV laser (337 nm N 2 laser). All measurements were made using the linear mode and positive ions were recorded ( Supplementary Fig. 4) .
Preparation of ΔbioC cell-free extracts
Strain STL96 was grown at 37°C to OD at 600 nm of 0.8 in 250 ml of minimal medium containing 2 nM biotin. The cells were washed in M9 salts medium to remove biotin and subcultured into 1 L of minimal medium at 37°C for 5 h to derepress bio operon transcription by starvation for biotin. The cells were lysed in Assay Buffer by French Press treatment at 17,500 psi followed by centrifugation at 20,000 g for 20 min to obtain the soluble fraction of the cell extract. Ammonium sulfate was added slowly to 85 % of saturation to the soluble cell extract in a beaker on ice under constant stirring until completely dissolved. This step was intended to remove small molecules and delete the extracts of ACP which remains soluble in such ammonium sulfate solutions38. The protein precipitant was collected by centrifugation at 10,000 g and stored at −80°C. The precipitant was solubilized before use by dialysis in 7,000 molecular weight cut-off membranes against Assay Buffer at 4°C for 3 h to remove ammonium sulfate and any remaining small molecules. Extracts of the other deletion strains were prepared by the same procedure.
In vitro DTB synthesis
This assay allows in vitro conversion of ACP-bound substrate into DTB using enzymes in cell-free extracts. A 100 µl reaction in Assay Buffer contained 2.5 mg cell-free extract protein, 1 µmol MgCl 2 , 0.5 µmol dithiothreitol, 0.01 µmol pyridoxal-5'-phosphate, 50 µg ACP, 2 µg BioC, 0.1 µmol L-alanine, 0.1 µmol KHCO 3 , 0.1 µmol NADPH, 0.1 µmol ATP, 0.1 µmol glucose-6-phosphate and 0.1 µmol SAM. Malonyl-CoA was used at 0.2 µmol whereas pimeloyl-ACP methyl ester or another acyl-ACP substrate was added at 50 µg. The reactions were incubated at 37°C for 3 h and quenched by immersion in boiling water for 10 min. DTB production was bioassayed as follows. Strain ER90 (ΔbioF bioC bioD) was grown in 5 ml of M9 minimal medium containing 2 nM biotin at 30°C overnight. The cells were washed with M9 medium and subcultured in 100 ml of minimal medium at 37°C for 5 h to starve the cells for biotin. The cells were collected by centrifugation, washed again in M9 medium and mixed into 150 ml of minimal agar containing the redox indicator 2,3,5 triphenyl tetrazolium chloride (0.1 %) to a final OD at 600 nm of approximately 0.1. Six ml of the mixture was poured into petri dishes sectored with plastic walls to prevent crossfeeding. A 6 mm paper disk (BBL) was placed upon the agar and the disk was spotted with 10 µl of a reaction to be tested. After incubation of the plates at 30°C overnight, growth of strain ER90 was visualized as a red deposit of formazan. KAPA synthesis was performed similarly using extracts of strain STL112 followed by bioassay on strain STL115.
AasS-mediated bypass assay
The chemical structures and sources of dicarboxylates and derivatives used in this study are summarized in Table S2 . Strains STL32, STL33 and STL34 were constructed by transformation with pYFJ84. The strains were grown at 37°C on minimal agar containing 0.1 mM of a dicarboxylate or a derivative plus 0.1 mM isopropyl β-D-1-thiogalactopyranoside to induce aasS expression. Bypass of bio gene function was observed as growth in the absence of biotin. Avidin (0.1 units/ml, Calbiochem) was also added to the medium to prevent cross-feeding and neutralize any biotin or DTB contamination. To verify the permeability of E. coli to pimelate, strain STL74 carrying a plasmid encoding B. subtilis bioW was streaked on M9 minimal agar supplemented with 0.1 mM of sodium pimelate and 0.2 % arabinose for induction ( Supplementary Fig. 3 ). Pimeloyl-ACP methyl ester synthesis proceeds either artificially by acylation of ACP with the monomethyl ester of pimelate or physiologically by elongation of a primer molecule of malonyl-CoA methylated at its ω-carboxyl group by BioC. In the physiological pathway the committed step is the BioC-catalyzed SAM-dependent methylation of malonyl-CoA (or malonyl-ACP) . Malonyl-CoA methyl ester enters the fatty acid synthetic pathway as a dedicated biotin precursor and acts as primer (in place of the acetyl-CoA normally used in fatty acid synthesis) for the FabH catalyzed condensation reaction. The product of the proposed FabH reaction would be 3-ketoglutaryl-ACP methyl ester, a five-carbon dicarboxylate carrying the methyl ester moiety that allows the substrate to interact with the other fatty acid synthetic enzymes. 3-Ketoglutaryl-ACP methyl ester would be reduced by 3-ketoacyl-ACP reductase (FabG) to 3-hydroxylglutaryl-ACP methyl ester which would be dehydrated by 3-hydroxyacyl-ACP dehydratase (FabZ) to the enoyl-ACP methyl ester species. The double bond would be reduced by enoyl-ACP reductase (FabI) to give glutaryl-ACP methyl ester. The product of the first elongation cycle would then be elongated by a second decarboxylative Claisen condensation with malonyl-ACP (probably by FabB or FabF) to give 3-ketopimeloyl-ACP methyl ester which would be reduced and dehydrated as above to give pimeloyl-ACP methyl ester. BioH cleavage of the ester prevents further elongation and the resulting pimeloyl-ACP utilized by BioF to make KAPA which would begin synthesis of biotin. Abbreviations: DAPA, 7,8-diaminopelargonic acid; DTB, The cell free extract was prepared from the ΔbioC strain STL96 which carries multiple copies of all the bio operon genes except bioC. Purified and refolded BioC was added to all reactions except as shown. Bioassays were done using strain ER90 (ΔbioF) as described in Methods. (a) Standard DTB was bioassayed and reliably detected in levels as low as 1 pmol. (b) DTB synthesis specifically required malonyl-CoA as substrate. Structurally related compounds such as acetyl-CoA, succinyl-CoA and malonate were inactive. (c) DTB synthesis required malonyl-CoA, BioC, NADPH and all other reactions components as given for in vitro DTB synthesis in Methods. When pimeloyl-ACP methyl ester was added, both BioC and malonyl-CoA were omitted. (ΔbioF bioC bioD) . Glutaryl-ACP methyl ester was added to the reactions assayed in the two left hand quadrants whereas the reactions of the two right hand quadrants received glutaryl-ACP. (c) The requirement for active BioH in conversion of pimeloyl-ACP methyl ester to DTB. The extract lacked BioH with pimeloyl-ACP methyl ester as the substrate and the bioassay was performed using strain ER90. Either purified wild type BioH or the mutant BioH S82A protein (which lacks the active site nucleophile) was added to 20 µg/ml. The reaction of the lower right quadrant lacked extract, but contained both the wild type and mutant BioH proteins. The microbiocide, triclosan, or the antibiotics cerulenin, thiolactomycin and sinefungin were added to the in vitro DTB synthesis with either malonyl-CoA (○) or pimeloyl-ACP methyl ester (■) as substrate. The level of DTB produced was estimated based on the area of the bioassay red zone and was standardized to the control reactions containing no inhibitor (100 % DTB synthesis was approximately 30 ρmol). The lack of inhibition seen when pimeloyl-ACP methyl ester was the substrate demonstrated that the amounts of inhibitor transferred to
